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The translucent GGAG:Ce/glass composites are prepared successfully by ball-milling, tableting, and pressureless
sintering. The thickness of composites is about 400 um. The x-ray diffraction (XRD), differential scanning calorimetry
(DSC), density of composite materials are measured and discussed systematically. The scanning electron microscopy
(SEM) and energy dispersive spectrometer (EDS) elemental mapping are employed to analyze the particle size, the shape
of powders, and the distribution of GGAG:Ce particles in the glass matrix, respectively. The decay time, ultraviolet, (UV),
X-ray excitation luminescence spectra, and temperature spectra are studied. The results show that the composite materials
have high light output, good thermostability, and short decay time. The method adopted in this work is an effective method
to reduce the preparation time and cost of the sample. The ultralow afterglow indicates that the composite materials have

an opportunity to be used for x-ray detection and imaging.

Keywords: GGAG:Ce, composite material, scintillator, glass matrix, luminescence properties

PACS: 42.70.—a, 78.66.5q, 81.05.Pj, 81.70.—q

1. Introduction

With the development of medical diagnosis, high en-
ergy physics, and industry, the demands for scintillators
have increased rapidly.!'? The scintillation materials with
nanosecond fast decay, high density, high efficiency, and sta-
ble performance have become a hot spot of research.>~7]
Owing to the excellent scintillation properties,®-!! such as
fast decay (about 50 ns), high light output (6.1 x 10* pho-
tons/MeV), and good energy resolution (4.6% @662 keV),
Gd3;Al3Ga;017:Ce (GGAG:Ce) single crystal and transparent
ceramic have tremendous potential applications in many fields
such as medical imaging, space detection, security system,
high energy physics, erc.['>"18] However, the single crystal
and transparent ceramic have a shortage of high production
cost, long production cycle, and difficulty in large-scale prepa-
ration.

Nowadays, due to the great demand for scintillation mate-
rials in various fields, many researchers are searching for envi-
ronmentally friendly and low-cost high-performance scintilla-
tion materials. An attractive and novel alternative strategy was
found and adopted to prepare scintillation materials, namely
“composite scintillation materials,” which is produced by em-
bedding the scintillator particles into a transparent matrix. [}
As in previous reports, the composite materials have been
well developed and widely used in contemporary material re-
search in recent years, especially for organic transparent mate-
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rials. The different characteristics of existing materials can be
used to produce intelligent materials with original materials’
characteristics. As is well known, organic composites, such
as quantum-dot organic polymer composites, nanoparticles
CeF3-Oleic acid composites, etc. have the advantage of be-
ing molded readily, low price and short production cycle.2%-2!]
Besides, the GGAG:Ce and organic compounds have also been
successfully combined to produce high performance organic-
inorganic composite films,??! which can meet the applica-
tion requirements in imaging fields and radiation detection.
However, the organic host still presents many disadvantages,
including a lower density, poor radiation hardness for high-
energy ray detection, and weaker thermostability. Compared
with the organic host, the inorganic glass host material has
good temperature stability, radiation hardness, and high den-
sity. The researches of porous glass composites or nanopar-
ticle glass composites have been reported and present excel-
lent scintillation properties. >3l The GAGG:Ce/glass compos-
ite scintillation material is studied rarely. In the present work,
the LayO3-Si0,—Al, 03 glass and GGAG:Ce particle are cho-
sen as a composite matrix and phosphor particles, respec-
tively. And then, the GGAG:Ce/glass translucent composite
is prepared by ball-milling, tableting, and pressureless sinter-
ing method.

In this paper, first, the GAGG:Ce powder is synthesized
by the co-precipitation method. Then, the GAGG:Ce phos-
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phor powder is introduced into the extra glass matrix. The ho-
mogeneous GAGG:Ce/glass composite powders are obtained
by ball milling and sieving. After that, the dense translucent
and luminescent ceramic composites are prepared by tableting
and sintering. The differential scanning calorimetry (DSC), x-
ray diffraction (XRD) patterns, scanning electron microscopy
(SEM) microscopic, photoluminescence characteristics, x-ray
excited luminescence, and decay time of resulting ceramic
samples are analyzed and discussed.

2. Experimental section
2.1. Synthesis of GAGG:Ce nanopowder and glass matrix

The LayO3 (purity 99.99%), Gd,O3 (purity 99.99%),
Ga(NO3)3-9H,O (purity 99.99%), were supplied by Fu-
jian Changting Jinlong Rare Earth Co., Ltd, China. The
Ce(NO3)3-6H,0 (purity 99.99%), AI(NO3)3-9H,0 (purity
99.99%), TEOS (A.R), nitric acid (A.R), ammonium hydrox-
ide (A.R), and ammonium bicarbonate (A.R) were purchased
Ltd., China. All
chemicals were used directly without any further purification.

from Sinopharm Chemical Reagent Co.

Distilled water was used in all experiments.

The glass precursor oxide mixture was prepared by a sol—
gel technique. The raw materials used in the synthesis of the
mix as follows: La and Al-containing solutions were prepared
by dissolving LayO3, and AI(NO3)3-9H,0 in nitric acid, Si-

solution was prepared by dissolving TEOS in ethanol. The

GrdQO37 Ga(N03)3-9H20

Al(NO3)3-9H,O
Ce(NO)-6H,0 —» NH;-H0
"'HNO filtering

-D sintering et

mole ratio of raw materials is np, : na; :nsi =2 : 2 : 6. The
mixed solution was dried at 80 °C and heat-treated at 600 °C
for nitrate pyrolysis. The La;03-Al,03-SiO; glass was ob-
tained after calcining at 1500 °C for 2 h and then cooled down
Fi-
nally, the Lay;O03—Al,03-Si0; glass was broken into powder

to room temperature in the furnace as shown in Fig. 1.

for the further experiment. The GGAG:Ce nanopowder was
synthesized by chemical co-precipitation method. Accord-
ing to the chemical formula of Gd3 Al3GayO1,:Ce, the Gd, O3,
Ga(NO3)3-9H,0, AI(NO3)3-9H,0, and Ce(NO3)3-6H20 raw
materials were dissolved in 65% concentrated nitric acid. The
solution was stirred vigorously and heated. Finally, the con-
centration of the metal salt mixture was about 0.3 mol/L
while the mixture of ammonia and ammonium bicarbonate
was about 3 mol/L. The clarified metal salt solution was slowly
dripped into the precipitate. The reaction of the endpoint’s pH
was between 7 and 8. After the titration was completed, the
white suspension was stirred for another 30 min before vac-
uum filtration. The resulting sediment was rinsed with deion-
ized water several times to remove the impurities. Finally,
the precursor powder was obtained by drying, grounding and
sifting. After that, the precursor was calcined at 950 °C for
2 h, and the GGAG:Ce nanopowder was obtained, as shown
in Fig. 1. Additionally, in this process, a weak reducing at-
mosphere was produced to avoid oxidizing Ce** into Ce** by
adding the incomplete oxidation of activated carbon.

grinding n ifisng
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L3203+A1(N03)39H20 “--,\\
grinding blnder removal \
i HNO3 dry > <._~> 4 (1~ dnd L
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Fig. 1. Preparation flow chart of GGAG:Ce/glass composite material.

2.2. Fabrication of GGAG:Ce/glass composite material

According to the different mass ratios (from 0% to 60%),
the GGAG:Ce powder and glass matrix were weighted sepa-
rately. The GGAG:Ce/glass mixed powder was obtained by
balling and sieving. Tableting was performed by using a mold

with a diameter of 10 mm. The 8 wt% polyvinyl alcohol was

added into the mixed powder as a binder. To eliminate the ef-
fect of the binder, the sample was pre-sintering at 550 °C for
10 h in a muffle furnace. Finally, the GGAG:Ce/glass com-
posite material, with a thickness of about 0.4 mm, was pro-
duced by sintering at 900 °C for 1 h and polished as shown

in Fig. 2. The obtained samples present translucence, and the
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transmittance decreased with the GGAG:Ce content increas-
ing. A preparation flow chart of GGAG:Ce/glass composite

material is shown in Fig. 1.

2.3. Material characterization

The crystal structure of powder and ceramic samples were
characterized on a Bruker D8 Advance Diffractometer with Cu
Ka radiation (A = 0.1541 nm). DSC was taken by METTLER
with a dry argon atmosphere at the heating rate of 10 °C/min
to study the glass transition temperature and crystallizing tem-
perature. The testing temperature was adopted in a range from
25 °C to 1300 °C. The particle size and shape of powders were
observed by SEM, Hitachi S-4800). The element distribution
of GGAG:Ce particles in La—Al-Si glass matrix was illus-
trated with energy dispersive spectrometer (EDS). The exci-
tation (PLE) and emission (PL) spectra of composite material
under UV light were recorded on a Hitachi F-4600 Spectrom-
eter. The slits for both excitation and emission were both set
to be 2.5 nm, and the scan speed was fixed at 240 nm/min.
The radioluminescence spectra were also conducted on an x-
ray excited luminescence spectrometer (PANalytical Axios).
An x-ray tube was used under the condition of V = 70 kV
and / =2 mA. The decay time of the sample was studied with
an FLS920 fluorescence lifetime and steady-state spectrome-
ter. The x-ray-induced afterglow was measured on the x-ray
spectrum station DF-7000. Excited with pulsed x-ray of 25-ns
pulse width, HAMAMATSU PMT R2059 recorded the data,
with the sampling rate being 20 MHz.

3. Results and discussion

Usually, the density of a material is essential for the ab-
sorption of high-energy rays. The densities of different com-
ponents samples are measured by the Archimedes drainage
method as shown in Fig. 2. It can be found that the density of
the sample increases from 3.63 g/cm? to 4.08 g/cm® when the

concentration of GGAG:Ce increases from 0% to 60%. The
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Sample 0 wt% 5 wt%

Density (g/cm?) 3.63 3.71

composite density is also tunable by substituting La of glass
matrix with other rare earth elements (Gd*>*, Lu3T), which
has potential applications in medical imaging as a scintillator
host. The glass matrix’s DSC curve is measured as shown in
Fig. 3. An endothermic peak and an exothermic peak are ob-
served at 885 °C and 1050 °C, respectively. The endothermic
peak of 885 °C can be ascribed to the glass transition, named
glass transition temperature (73), which means a high glass
transition temperature. The exothermic peak of 1050 °C is
related to glass crystallizing temperature. Therefore, the sin-
tering temperature of 850 °C—1000 °C is suitable to obtain the
GGAG:Ce/glass composite material.

Figure 4 shows the XRD results of the glass matrix,
GGAG:Ce powder, and the composite material sample. The
XRD standard cards of Gd3zGazAl,O;, (PDF#46-0448) and
Si0, (PDF#42-0005) are used as a reference. An amorphous
diffraction peak, located in a range of 20°-50°, is observed
as shown in Fig. 4(a). It indicates that the La—Si—Al glass
matrix is obtained successfully. The GGAG:Ce powder sam-
ple diffraction peak’s position is consistent with that of the
standard card by comparing the pattern with standard card
data. There is no second phase. Figure 4(b) shows that the
diffraction peak positions of GGAG:Ce/glass composite ma-
terial sample are also consistent with the data of the cards of
Gd3GazAl, 012 (PDF#46-0448) except the impurity peak of
37°. The diffraction peak positions are found to be consis-
tent with the data of the standard card of PDF#42-0005, which
can be ascribed to the triclinic structure of SiO,. Therefore,
a small SiO; phase is precipitated during sintering at 900 °C,
which is lower than the DSC result of 1050 °C. It is possible
that the cristobalite phase of SiO, crystallizing temperature
decreases as the GGAG:Ce powder is added. But, it has no
contribution to the luminescence properties under x-ray exci-
tation, which does not affect the composite material’s proper-
ties, as discussed in Ref. [19].

(R o R L )

YBRITEKXRT .
hina than§ Univers

SRS S0 p ¢

nivers

‘F' ¥ K5

20 wt%

GGAG

30 wt% 60 wt%

3.84 3.86 4.08 6.63

Fig. 2. GGAG:Ce/glass composite samples, thickness, and density.
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Fig. 4. XRD patterns of (a) glass matrix and (b) GGAG:Ce powder and the
composite material sample.

The SEM is a powerful technique to characterize the mor-
phology of GGAG:Ce powder and composite material, while
the EDS elemental mapping is used to analyze element distri-
bution in the glass matrix. The results are shown in Figs. 5
and 6. From Fig. 5(a), it can be found that the grain size of
GGAG:Ce powder is about 500 nm while the powder is par-
tially agglomerated. The larger particle size of the powder
will cause poor dispersion uniformity in the matrix, which ul-
timately affects the density of the composite material. In this
paper, the chemical co-precipitation method is used to prepare
the GGAG:Ce powder with smaller particles, which can im-
prove the density of the composite material. Figure 5(b) shows
that the composite material has good compactness, but there
are still a few pores, which results in a translucent sample. Be-

sides, the uneven distribution of the GGAG:Ce powders in the

matrix, leading to the serious scattering and refraction, has an
adverse effect on the transparent. The precipitation of SiO; in
the matrix glass will also affect the transparency of the com-
posite material. In this paper, the sample is prepared by the
pressureless sintering method. Usually, to obtain an excellent
transmittance, the less residual porosity and higher density of
the sample is the key. The use of hot-press sintering (HP),
high-temperature isostatic pressing (HIP), and spark plasma
sintering (SPS) methods can be used to prepare pore-free or
high-density samples. The EDS elemental maps reveal that the
sample comprises seven elements (La, Al, Si, Ga, Gd, O, and
Ce), which accord with the raw material. Generally speaking,
the glass matrix elements of La, Al, Si, and O are evenly dis-
tributed, while the GGAG:Ce powder is uniformly dispersed
in the glass matrix. However, according to Ga and Gd’s ele-
ment distribution mapping, it found that the GGAG:Ce powder
has a slight aggregation.

Fig. 5. SEM image of (a) GGAG:Ce powder and (b) composite materials.

The PL and PLE spectra of different samples (Aex =
450 nm, Aey, = 536 nm) are shown in Fig. 7. Figures 7(a) and
7(b) show two excitation peaks, which are located at 350 nm
and 450 nm and ascribed to the absorption of Ce**. Only
one main emission peak can be observed for all the samples,
which is located at 540 nm. The emission peak can be fitted
into two different emission peaks by Gaussian fitting, and as-
signed to the Ce* electron transition from the lowest 5d level
to 2Fs /2 and ’F, /2 of 4f sublevels as shown in Fig. 7(c). Be-
sides, the luminescence intensity of sample is dependent on
GGAG:Ce concentration. The integrated intensity of different
PL is shown in Fig. 7(d). The emission intensity first increases
and then decreases. The 30% GGAG:Ce/glass sample presents
the highest luminescence intensity. Theoretically, the higher
content means the stronger luminescence intensity. However,
the higher content will lead the powder to disperse unevenly
in the matrix. The pore, re-absorption, interface scattering and
refraction increase. The transparency decreases while the light
loses severely. Compared with the 60% GGAG:Ce sample, the
30% GGAG:Ce sample presents a lower light loss. Therefore,
it is reasonable that the 30% of the samples have the strongest

luminous intensity.

074205-4



Chin. Phys. B Vol. 30, No. 7 (2021) 074205

25 pm

25 pm 25 um

Si Kal

La Lal

O Kal

25 pm
Ce Lal

25 pm

Fig. 6. EDS Elemental mapping of GGAG:Ce/glass composite material.

The emission spectra recorded at room tempera-
ture under x-ray excitation for different concentrations of
GGAG:Ce/glass samples are presented in Fig. 8. In our ex-
periments, the commercial CsI: Tl crystal is chosen as a refer-
ence sample and investigated under the same test conditions
to evaluate the luminescence intensity of the GGAG:Ce/glass
sample (Fig. 8(a)). The inset of Fig. 8(b) shows the integral
intensities of CsI:TI crystal and GGAG:Ce/glass composite
materials with different concentrations. The GGAG:Ce/glass
samples present a dominant emission band peak at 520 nm,
fitted to two peaks located at 517 nm and 564 nm. This re-
sult is in good agreement with that of the PL spectrum un-
der UV radiation. The emission peak is well-matched with
the Si-based photodiode.?*! According to the integration val-
ues and normalizations of the emission intensity of different
samples in XEL spectra, the output of 30% GGAG:Ce/glass
is about 33% of the commercial CsI: Tl crystal output while

the output of 20% and 60% samples are only 24% and 22%
of the commercial CsI: Tl crystal output, respectively. The
30% GGAG:Ce/glass sample presents the highest light output,
which is well agreement with the PL result. As the concentra-
tion of GGAG:Ce increases, the homogeneity becomes worse
and more scattering points and defects are generated, leading
to more light to lose. The fluorescence decay time of 30%
GGAG:Ce/glass sample at room temperature (RT) with the
optimal excitation and emission wavelength (Aer; = 536 nm,
Aex = 450 nm) is measured and shown in Fig. 8(c). The Decay
curves are fitted with a multi-exponential decay function. The
fitting formula is as follows:

Y =Ajexp(—x/71) +Azexp (—x/72) +yo. 1)

Here, A; and A, are the amplitudes, yq is the baseline, and
71 and T, are the composite material’s fluorescence lifetimes.
From Eq. (1) and decay curve, the fitting decay time of the
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sample is found to be about 8.1 ns (15.9%) and 47.4 ns
(82.6%), corresponding to the fast component and slow com-
ponent, respectively. Compared with the decay time of the
GGAG:Ce ceramic sample i.e. 4.4 ns and 19.1 ns,[>! the de-

24t (a) ‘
. I —8—5% GGAG:Ce/glass 4f—>5d (Ce?t)
£ 20| —®—20% GGAG:Ce/glass
g | —4—30% GGAG:Ce/glass
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cay time of our sample is reasonable and approximate. The de-
cay time is far superior to that of BGO, Nal (T1), CsI (T1) crys-
tals, and film, which meets the requirement for x-ray imaging
field’s application.?!

24
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Fig. 7. (a) PLE and (b) PL spectra of GGAG:Ce/glass composite materials (Aem = 536 nm) with different concentrations. (c) Gaussian fitted (dashed)
PL spectrum of GGAG:Ce/glass composite material, and its decomposed components (dotted). (d) Variation of PL integral intensity with concentration

of GGAG:Ce/glass composite material.

The x-ray induced afterglow curves of GGAG:Ce/glass
composite materials with different concentrations are shown
in Fig. 9. The afterglow signals of two samples are dropped
by about three orders of magnitude within the first 1 ps. The
residual signal of 5%wt GGAG:Ce/glass composite material
is 0.2% at 1 ps while that of the 30%wt sample is 0.7% at
1 ps. The afterglow of commercial Gd,O,S:Pr (Ce, F) ceram-
ics, used in the X-CT field, is about 10% in a range of 3 ps—
6 us.[*’ Therefore, the composite scintillation material has
excellent afterglow performance. Meantime, as the concen-
tration increases, the afterglow increases slightly. As is well
known, the afterglow is related closely to the defects. It is pos-
sible that a higher GGAG:Ce concentration will lead to more
defects as discussed in the XEL results. Therefore, it is rea-
sonable that the 5%wt GGAG:Ce/glass sample shows a shorter
afterglow. However, more experiments need to be done.

To study the influence of temperature on the lumines-

cence properties of GGAG:Ce composite material, the vary-

ing temperature PL spectra of 30% GGAG:Ce/glass sample
are measured and shown in Fig. 10 (Aex = 460 nm). From
Fig. 10(a), it can be seen that when the testing temperature
rises from room temperature (RT = 298 K) to 448 K, the lumi-
nous intensity of the composite material gradually decreases.
As can be seen from the inset in Fig. 10(a), when the tem-
perature rises up to 373 K, the luminous intensity becomes
50% of luminous intensity at room temperature. Nevertheless,
when the temperature exceeds 373 K, the emission intensity
decreases quickly and the trend of change tends to stabilize
after 448 K. This is because the increase in temperature ther-
modynamically activates the activity of excited state phonons.
These activated energies make the excited state levels and
ground state energy level overlap, resulting in a non-radiative
transition from the excited state to the ground state. The re-
sult of the process is that the luminous intensity decreases as
temperature increases.

To further explain the relationship between photolumi-
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nescence intensity and temperature, the Arrhenius equation is
adopted to calculate the activation energy of GGAG:Ce/glass
composite materials.[?®2° The equation is shown below.
I

—AE\’
1+cexp T

where I(T) corresponds to the luminous intensity at temper-

I(T) ~ )

ature T, Iy is the initial intensity, ¢ is the frequency factor,
AE is the thermal quenching activation energy, and k is the
Boltzmann constant (k = 8.629 x 107> eV/K). The thermal

quenching activation energy of GGAG:Ce/glass composite is
presented in Fig. 10(b). Through linear fitting, the activa-
tion energy of GGAG:Ce/glass composite material is about
0.401 eV, which is close to the activation energy of GGAG:Ce
ceramics.?Y It shows that the composite material has good
thermal stability. As discussed above, the GGAG:Ce/glass
composite material presents good light output and ultralow af-
terglow under x-ray radiation. It indicates that the material is
a sensitive scintillator used in actual x-ray inspection applica-
tions, such as computer tomography.
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Fig. 8. (a) X-ray excited luminescence of CsI:Tl crystal, (b) x-ray excited luminescence intensities versus wavelength of GGAG:Ce/glass composite
materials with different concentrations and the fitting results of 30%wt GGAG:Ce/glass composite material, with inset showing integral intensity of
CsIL:T1 crystal and GGAG:Ce/glass composite material with different concentrations. (c) The fluorescence decay curve of GGAG:Ce/glass composite.
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Fig. 9. The x-ray-induced afterglow profile of (a) 5%GGAG:Ce/glass com-
posite material and (b) 30%GGAG:Ce/glass composite material.
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Fig. 10. (a) Variable temperature emission spectra of GGAG:Ce/glass

composite material, with inset showing normalized relationship between
luminous intensity and temperature; (b) thermal activation energy of
GGAG:Ce/glass composite material.

4. Conclusions

In this work, the GGAG:Ce/glass translucent composite
has been successfully fabricated with GGAG:Ce phosphor em-
bedded in the glass matrix by balling and pressureless sinter-
ing at a temperature of 900 °C. The required GGAG:Ce/glass
composite powders are prepared by a chemical coprecipitation
and sol-gel method, respectively. The GGAG:Ce particles are
uniformly distributed in the glass matrix. The sample’s density
can be tuned from 3.63 g/cm? to 4.08 g/cm?® by adjusting the
concentration of GGAG:Ce powder and the glass matrix. The
maximum emission peak of the GGAG:Ce/glass composite is
located at 540 nm under x-ray excitation, corresponding to the
electron transition from the 5d level to 4f level of Ce3*. The
decay times of the GGAG:Ce/glass composite are found to be
about 8.1 ns (15.9%) and 47.4 ns (82.6%) by fitting. Its scin-
tillation yield is approximately 1/3 times of the commercial
CsI:T1 crystal while it has a low afterglow in a range of 0.2%—
0.7% at 1 ps under x-ray radiation. The GGAG:Ce/glass com-
posite material also has good thermal stability, and the acti-
vation energy is about 0.401 eV. The composite material has
the advantages of the simple preparation process and low cost,
thus has a potential application in the x-ray imaging field.
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